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Fragments of rhabdosomes isolated by chemical treatment from an erratic boulder of Baltic origin and ?Middle Ordovi-
cian age, provisionally assigned to Mastigograptus aff. tenuiramosus (Wallcott, 1881) were studied with SEM. Although
exceptionally well preserved, remains lack the thin-walled free portions of thecae. Rhabdosomes are provided with a
strongly developed basal disc, short stem and many branched stipes. The latter consist of heavily corticalized chains of
stolothecae with alternately disposed thecal bases. Stolothecae display a morphological gradient and increase in size and
change in shape distalwards. The stolon system studied with SEM on naturally and artificially broken specimens, as well
as traced through open thecal bases, reveals a regular triad budding but no stolon inside the stolothecal cavity. We tenta-
tively suggest that crassal lining, recognized earlier by TEM studies, corresponds to an unusually inflated stolonal stolon,
filling the entire thecal cavity and adhering tightly to stolothecal wall. The systematic position of Mastigograptus, a mat-
ter of long debate, seems to be defined by a number of structural features which imply a distinct difference between genus
in question and all known orders of sessile graptolites. The order Mastigograptida nov. and the family Mastigograptidae

nov. are proposed.
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Introduction

Mastigograptus Ruedemann, 1908 is a sessile graptolite with
dendroid appearance, whose systematic position, in spite of
numerous papers dealing with its morphology, remains un-
certain. In the course of taxonomic debate it has been placed
among hydroid coelenterates, assigned to dendroid or
dithecoid graptolites, or most frequently treated as a
graptolite genus whose order and family are uncertain (see
Systematic position, below). The aim of the present paper is
to study the general morphology of the rhabdosome, the sto-
lon system and budding pattern, as well as the ultrastructure
of the rhabdosome, on the basis of ample and exceptionally
well preserved material, isolated from Baltic drift boulders of
?Middle Ordovician age, by chemical treatment. As far as the
ultrastructure is concerned, the present SEM study is comple-
mentary to that of Urbanek and Towe (1974), who examined
ultrathin sections with TEM and to Andres (1980) who using
SEM recognized only main skeletal fabrics. The new evi-
dence obtained is used i.a. to draw some taxonomic conclu-
sions.

Acta Palaeontol. Pol. 47 (3): 445—-458, 2002

Previous studies on Mastigograptus
from Baltic drift boulders

The graptolite genus Mastigograptus was erected by Ruede-
mann (1908) for the species Dendrograptus tenuiramosus
Walcott, 1879, and described by him on the basis of flattened
material. Eisenack (1934: figs. 20-22) was the first to de-
scribe isolated remains of Mastigograptus, recovered from
Baltic erratic boulders by chemical treatment and identified
by him as objects of unknown affinity. However, his fine il-
lustrations leave no doubt that the object in question is conge-
neric and probably also conspecific with Mastigograptus, as
described later by Andres (1961). Koztowski (1959, 1962,
1965, 1966) etched Mastigograptus remains from several
Baltic erratic boulders, and made a number of morphological
and palaeobiological observations on them which he partly
described or mentioned in his papers. He was probably the
first to identify these remains from Baltic drift material as
representing the genus Mastigograptus (see Urbanek 1959).
Urbanek and Towe (1974) studied fragments of Mastigo-
graptus, etched from a Baltic erratic boulder, with the TEM.
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They demonstrated an excellent state of preservation of skel-
etal tissues, presented evidence of the collagenous nature of
the skeletal fabric and studied in some detail the basal disc.
Some structural features recognized by Urbanek and Towe
may be better understood in the light of the present contribu-
tion.

In his consecutive papers Andres (1976, 1977, 1980)
dealt with pterobranchs and primitive graptolites from erratic
blocks representing the so-called “Ostseekalk”, a fine-grained
limestone of Late Ordovician age. His papers represent great
progress in understanding Mastigograptus, known hereto-
fore only from the flattened specimens described mainly by
Ruedemann (1908, 1947), and partly misunderstood by him
(he was convinced of the hydroid affinity of the genus in
question, and interpreted points of attachments as true thecae
while the thin-walled free parts of thecae were considered by
him as “conical appendages”). Andres provided evidence
that the stipes of Mastigograptus are made of heavily “car-
bonized” stolothecae and that the attenuated free portions of
the remaining thecae, which are essentially grouped in triads
emerging at characteristic points of attachment (“Ansatz-
stellen™), displaying an alternate arrangement. Although the
degree of thecal dimorphism (differentiation into auto- and
bithecae) could not be established safely on the material
available to Andres, nevertheless he assumed that it was
probably smaller than that in dendroids and crustoids. His ob-
servations concerning the internal structure of the stipe be-
low the point of attachment of a triad need re-interpretation in
the light of our studies, and the entirety of knowledge con-
cerning the budding in sessile Graptolithina.

Material and methods

All the specimens of Mastigograptus illustrated in the pres-
ent paper (except Fig. 1H) were etched from an erratic boul-
der approxmately 2 kg in weight, collected at Mochty, in the
valley of the Vistula River some 60 km N of Warsaw, central
Poland. The boulder is a “grey, fine-grained, dull limestone”
(Koztowski 1960: 108), numbered O.334 in the collection of
boulders in the Institute of Palaeobiology, Polish Academy of
Sciences in Warsaw.

The specimen illustrated in Fig. 1H was etched from a light
grey, organogenic limestone from the same locality and num-
bered O.181. The organic fossils were etched with acetic acid,
cleaned from mineral impurities, and stored in glycerine.

The primary material consisted of a great number of many
branched rhabdosomes. During decalcification large frag-
ments of stipes gradually emerged from dissolving matrix,
resembling hair, but broke up into many short lengths of
stipe. Selected specimens, before mounting on SEM stubs,
were washed in distilled water (and/or graded ethanol series)
and placed on an adhesive tape in the droplet of fluid by the
pipette or with a fine brush. Specimens coated with gold-
palladium were examined with a Philips XL scanning micro-
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scope in the Institute of Palacobiology, Warsaw or with a
Jeol 840 in the University of Wales, Aberystwyth.

The light micrographs of the basal disc (Fig. 1H) were
taken from thin sections obtained by the second author when
working with T.M. Towe in 1971 at the Department of Pale-
ontology, Smithsonian Institution, Washington D.C. Prior to
sectioning with an LKB ultramicrotome using a diamond
knife, specimens were embedded in Durcupan epoxy resin
(Urbanek and Towe 1974).

llustrated specimens have been deposited in the Institute
of Palaeobiology, Polish Academy of Sciences, Warsaw, Po-
land (ZPAL) and numbered G.30/1-18.

Identification of specimens studied

As all the material illustrated comes from a single boulder
0.334, and since some fragments show an intermediate mor-
phology, while other characters, such as the length of seg-
ments, are uniform, it is proposed that all the material comes
from a single species. The slender stipes figured by Andres
(1977: figs. 14-16) are so similar in morphology and dimen-
sions that they probably come from the same species. He em-
phasized a specially close relationship between of the species
he described by him from the “Ostseekalk” boulders and
Mastigograptus tenuiramosus (Walcott, 1881) from the
Utica Shale of North America. Whether the Baltic form is re-
ally conspecific with the North American one is at the mo-
ment difficult to establish safely, mainly because the Ameri-
can material is imperfectly known and needs revision. In
view of the rather high degree of endemism exhibited by ses-
sile graptolite faunas, conspecificity seems rather uncertain.
Consequently, the most reasonable solution is to identify of
the taxon described herein as Mastigograptus aff. tenui-
ramosus (Walcott, 1881). It appears to be very similar to
Mastigograptus tenuiramosus, but may have the thecal bases
more closely spaced; it also has amphora-like swellings in
distal stolothecae, which Ruedemann (1908, 1947) noted in
Mastigograptus gracillimus (Lesquereux, 1878).

Stratigraphic setting

Abundant and excellently preserved remains of Mastigo-
graptus are associated in boulder 0.334 with the following
assemblage of acid-resistant fossils; Hydrozoa: Rhabdo-
hydra tridens Koztowski; Graptolithina: Calyxdendrum
graptoloides Kozlowski, Dictyonema sp.; Chitinozoa:
Cyathochitina campanulaeformis (Eisenack) and scole-
codonts. Remains of Calyxdendrum graptoloides were found
in other boulders in association with diplograptids indicating
a Middle Ordovician age (Koztowski 1960; Urbanek 1959).
This may also be the age of boulder O.334. The age of boul-
der O.181, with equally abundant Mastigograptus (probably
conspecific with M. aff. tenuiramosus) was discussed by
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Fig. 1. Mastigograptus aff. tenuiramosus. A. Holdfast with two siculae (ZPAL G.30/1). Scale bar 100 um. B. Spongy meshwork texture of the basal layer
“a” of holdfast (ZPAL G.30/1). Scale bar 10 um. C. Spongy meshwork of basal layer “a” with fibrils forming clumps or “trabeculae” (ZPAL G.30/2). Scale
bar 100 pm. D, F, G. Holdfast and two stems: lateral view with inclined sicula; lower surface of holdfast with imprint of the ribs of a shell; lateral view. Ar-
rows show position of sicular aperture (ZPAL G.30/2). Scale bars: D, 100 um; F, 500 um; G, 1 mm. E. Parallel fibrils in holdfast, with coating of small
“blebs” of material (ZPAL G.30/2). Scale bar 500 um. H. Light micrograph of section through holdfast. a, irregular basal layer; b, thin parallel laminae;
¢, thicker peripheral laminae. Scale bar 10 um.

Urbanek (1959). None of the fossils found in the assemblage
is diagnostic of a precise stratigraphic horizon. They display
a wide stratigraphic range (Lower—Upper Ordovician). The
presence in boulder O.181 of a diplograptid resembling the
lasiograptid Lasiograptus retusus Lapworth may indicate a

Llandeilo—Llanvirn age, but the specimen is too fragmentary
to be sure. However, a Middle Ordovician (Viruan) age for
both boulders O.181 and 0.334 seems reasonable. Therefore
specimens described herein are somewhat older than Andres’
ones, which are probably Upper Ordovician (Harjuan).
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General morphology

The material available includes all portions of the rhabdo-
some: three specimens with holdfasts and short lengths of un-
branched stipe (Fig. 1A, G), as well as a number of pieces of
stipes, some showing branching (Fig. 3D). The basal discs
appear to be moulded to fit the underlying substrate. Proxi-
mal portions of stipes are made of slender parallel-sided
stolothecae, with relatively thin walls; distal portions are am-
phora-shaped stolothecal segments, with thicker walls and
more robust lateral thecal groupings. Some specimens are
long enough to show a transition between the two types of
stipe segment; they reveal a gradual astogenetic change in
size and shape of the stolothecal segments, from proximally
tubular to distally more inflated (amphorate) (Figs. 1G, 3D,
G, 7E). This indicates that Mastigograptus, unlike the vast
majority of described sessile representatives of Grapto-
lithina, displays a morphological gradient operating along
the stipes of the rhabdosome. Whether this tendency towards
greater size at distal end includes also free thecae is at present
unknown.

However, in spite of its otherwise excellent state of pres-
ervation, the material studied is incomplete: the thin-walled,
free portions of the thecae are absent, and only the thecal
bases have survived. In the light of observations made by
Ruedemann (1908), the rhabdosomes which lack completely
the thin-walled free portions of the thecae may be considered
the characteristic state of preservation in Mastigograptus. He
suggested that free portions of thecae (his “conical append-
ages”), as fragile and fused to the rhabdosome by the narrow
base of attachement alone, “were very easily detached and
lost” (Ruedemann 1908: 212). Isolated free portions of the
thecae may be found loose on the slab.

Basal disc

Mastigograptus displays a strongly developed and frequently
exceptionally well preserved basal disc, which makes it a
model example of a discophorous graptolite, as defined by
Koztowski (1971). The basal disc has been illustrated by
Eisenack (1934: figs. 20-22) and Andres (1961: fig. 2A;
1977: figs. 15, 16). Ruedemann (1947), in his amply illus-
trated description of Cambrian to Silurian Mastigograptus,
does not mention basal discs. The only dendroid basal discs
comparable in size and state of preservation to our specimens
are those described by Koztowski (1949: pl. 6: 5, 6; pl. 10: 1,
5) in Dendrograptus communis, D. regularis and Rhipido-
dendrum samsonowiczi, all isolated from Tremadocian
cherts with HF. In our material the basal disc is roughly circu-
lar and up to about 2 pm in diameter (Fig. 1D, E, G). The up-
per surface is smooth and passes up into the cortex of the
sicula and stem; the lower surface is rough and appears to be
moulded to the form of the substrate to which it adheres. This
is particularly well shown in a specimen (Fig. 1D, F, G),
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where the holdfast is sharply convex and moulded to a sur-
face of low parallel ridges spaced at about 200? pm intervals,
which itself must have been formed into a sharp keel, parallel
to the faint ridges (Fig. 1F). This may have been part of a
small shell, with the small ridges being either ribs or growth
lamellae. Eisenack (1934, confirmed by Andres 1977), men-
tioned that one of his basal discs bore the imprint of the punc-
tations of a brachiopod shell. In two of our three specimens
there is an additional sicula which, in specimen shown on
Fig. 1D, F, G has also grown into a stem (Fig. 2E) is broken at
the level of the sicular aperture.

As shown in the thin sections illustrated by Urbanek and
Towe (1974: pls. 23-25), the basal disc comprises successive
laminae formed over an irregular basal layer (a, Fig. 1H). Suc-
ceeding laminae (b, Fig. 1H) overlap each other peripherally,
thickening and becoming less dense (¢, Fig. 1H) as they do so.

The fabric of basal layer a is formed of fibrils of variable
diameter (1-10 um), making an irregular spongy meshwork
in which the fibrils appear to anastomose (Fig. 1B), leaving
irregular spaces (“ocelli”’), and also forming downward
clumps (Fig. 1C). This fabric is also well seen in the TEM
sections of Urbanek and Towe (1974: pl. 25). It is probable
that the function of this fabric, which is not found anywhere
else in the rhabdosome, was to penetrate the substrate.

The laminae b and ¢ are formed of units of three fabrics
(1-3) in different proportions:

(1) an irregular meshwork of randomly oriented fibrils,
100-200 nm in diameter (Fig. 2A); this fabric is comparable
with that of graptoloid and dendroid fusellar tissue;

(2) parallel fibrils of the same diameter, forming succes-
sive sheets of fibrils with (Fig. 2C, D) or without (Fig. 2B)
lamellae of sheet fabric between; the fibrils may be grouped
together in bundles (Fig. 2D), recalling those seen in the cor-
tex of some dendroids (Urbanek and Towe 1974: pl. 11);

(3) layers of granular sheet fabric with scattered vesicles
(Fig. 2C, D), similar to those bounding both fuselli and corti-
cal bandages in dendroids and graptoloids (Crowther 1981:
pls. 10-13).

In overall make-up these three fabrics are grouped into
cortical units which form the laminae seen in Urbanek and
Towe’s thin section and TEM sections. The parallel fibrils of
successive units show varying directions, but we have not
been able to determine whether they form parallel-sided ban-
dages. Each unit can consist of all three fabrics, laid down in
the order 1-3, or with the sheet fabric (3) omitted between
successive units. The fusellar fabric (1) is lacking or only
incipiently developed towards the centre of the holdfast, but
it becomes thick towards the periphery. It appears then that a
unit may be more fusellus-like towards the margin of the
holdfast, where, as an increment of growth it is increasing the
area of the holdfast, but more bandage-like towards the cen-
tre where it is adding to the thickness, and especially the
strength, of the cortex. Around the margin of the holdfast,
there is a tendency for the parallel fibrils to be orientated radi-
ally; radial fibrils should strengthen to the holdfast better
than concentric ones.
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Fig. 2. Mastigograptus aff. tenuiramosus. A. Fusellar fabric of holdfast (ZPAL G.30/2). Scale bar 1 pm. B. Fusellar and cortical fabrics in the laminae of
holdfast (ZPAL G.30/3). Scale bar 20 um. C. Sheet fabric of laminae of holdfast (ZPAL G.30/1). Scale bar 1 um. D. Laminae of holdfast. Bundled parallel
cortical fibrils and sheet fabric with vesicles (ZPAL G.30/1). Scale bar 1 um. E. Two siculae on holdfast. The left hand one is occluded (ZPAL G.30/1). Scale
bar 100 um. F. Occluded sicula (arrowed) (ZPAL G.30/3). Scale bar 100 um. G, H. Broken thecal base on proximal portion of stem (ZPAL G.30/2). Scale
bars: G, 50 um; H, 100 um.

Sicula

The initial segment of the stem or basal part of the stipe,
which we presume to be the sicula, forms a cylinder over 100
um in diameter and 300 um high (Figs. 1A, D, G, 2E, F, 3C).
However, the total length of the sicula is probably consider-
ably more, since the base of the sicula should sit on the sub-
strate, and the basal disc will have been thickened around it.
At the top of this segment, the diameter of the stipe narrows
abruptly to less than 100 um, at an inwardly and upwardly in-
clined surface or ledge (Fig. 2F, arrow). This we interpret as
the occluded aperture of the sicula.

Previous work on the astogeny of dendroids indicates that
the next, and narrower, segment of the stipe should be the
sicular stolotheca which will have issued from the side of
sicula, and whose width should have contributed to the diam-
eter of the sicula. However, this cannot be confirmed from
the external form of the stipe, which in any case may have
been so thickened by the addition of cortex to have smoothed
out any such expression. Occlusion of the aperture of the
sicula is doubtless secondary. It probably followed a degen-

eration of the siculozooid, which ceased to be active. Many
instances of occlusion of auto- and bithecae (but not siculae)
were described by Koztowski (1949: 4347, pl. 8: 7, 8) in
dendroid and camaroid graptolites. He studied also the skele-
tal histology of occlusion, namely the formation of occlusion
lamella, sealing the aperture (Koztowski 1949: pl. 4: 9). Ac-
cording to his data, occlusion is especially frequent in the
basal parts of colonies, as well as in terminal, growing parts
of branches. A characteristic feature of occlusion is its local
effect: while a given theca is occluded, neighbouring thecae
show no traces of abnormality. This is also the case with oc-
clusion recorded in the budding process of many triads in the
more distal parts of stipes in our Mastigograptus (described
below).

In specimen shown on Fig. 1G, it is of interest to note that
the two siculae are attached to the basal disc at different places:
one, which produced the major stem, on the keel, and the other
on a flank. The stem formed by the latter makes an abrupt an-
gle with the sicula, but is parallel to the major stem. Perhaps
the two stipes grew vertically, but the sicula of the smaller stipe
was forced to attach itself at roughly right angles to the sub-
strate. In passing it should be noted that, if our “two siculae”
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3
Fig. 3. Mastigograptus aff. tenuiramosus. A. Stipe with thick cortex and fractured thecal base. (ZPAL G.30/4). Scale bar 100 pm. B. Occluded thecal base on
proximal portion of stem (ZPAL G.30/3). Scale bar 10 pm. C. Proximal portion of stem, with occluded sicula and first thecal base. (ZPAL G.30/2). Scale bar
200 pm. D. Portion of stem with monopodial branch (ZPAL G.30/5). Scale bar 2 pm. E. Fractured stolotheca; distal to left (ZPAL G.30/6). Scale bar 50 pm.
F. Fractured stem with thick cortex and borings (ZPAL G.30/7). Scale bar 50 um. G. Amphorate stolothecae, and broken thecal bases (ZPAL G.30/4) Scale
bar | mm. H. Amphorate stolotheca, looking proximally. (ZPAL G.30/8). Scale bar 100 um. I. Stereopair view of thecal base (ZPAL G.30/4). Scale bar
100 pm.

interpretation of this specimen is correct, the holdfast is there- In general, the sicula of Mastigograptus resembles most
fore compound and has been secreted by both colonies. Hence  the cylindrical (tubular) siculae of dendroid graptolites. It
one can assume that, during life, Mastigograptus colonies did  differs both from the “embryonic vesicle” of Rhabdopleura
not display any allelopathic interactions. and from the conical sicula of Dendrotubus.
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Fig. 4. Mastigograptus aff. tenuiramosus. A. Fractured wall of stolotheca. The head of a fusellus is arrowed (ZPAL G.30/9). Scale bar 10 um B, C. External
ornament on stolothecae (ZPAL G.30/10). Scale bars 100 um, 50 um. D. Sectional view of stolonal triad on main stem, looking distally (ZPAL G.30/11).
Scale bar 50 um. E. Stolonal triad on main stem, looking proximally; diaphragm at base of occluded autotheca (arrowed) (ZPAL G.30/12). Scale bar 50 um.
F. Base of diaphragm on main stem, looking distally, and showing two pores (ZPAL G.30/13). Scale bar 10 um. G. Portion of stem with monopodial branch
to right. a, occluded first thecal base on branch, with short stolotheca. b, borings on main stem (ZPAL G.30/14). Scale bar 500 um.

Stipes

Stipes are understood here to be an extension of a short
and unbranched stem. After isolation from the matrix they
preserve primary flexibility. During life, they were strong
enough to support an enigmatic epibiont, Clistrocystis
graptolithophilius, later interpreted as probable cephalopod
eggs, laid down on Mastigograptus colonies (Koztowski
1959, 1965).

Stipes are in fact chains of interconnected stolothecae,
covered by thick cortex and provided with alternately placed
(right and left) broken bases of thecal groups (producing
characteristic swellings), spaced at regular intervals of about
1 um. These free portions of thecae were made of fragile
fusellar fabric, with none or scarce cortical deposits. They
were preserved in specimens described by Andres (1961,
1977), while in our material they are completely detached
leaving only characteristic scars, or the initial portion of the
thecae (thecal bases, see above p. 448). Also internal stolons

may be seen through such scars. A stipe branch (Figs. 3D,
4@G) also tends to occur at such broken bases of thecal groups,
and will leave the main stipe as a monopodial branch, in the
same direction as the thecal tube which it replaces (Andres
1977: fig. 15). In our material, we can only see the broken
bases of the thecal tubes where their walls are very thin (Fig.
2@G, H), and the initial portions of the tubes where they are
thicker (Figs. 3A, G, 8E).

The stipe in dendroids is a compact structure, made of a
stolonal chain (or chains) and adnate auto- and bithecae,
grouped on one side or surrounding the stolothecae. The con-
struction of the stipe in Mastigograptus is distinctly non-
dendroid: while the stipe proper is produced by a chain of
heavily corticalized stolothecae, the remaining thecae project
freely. In dendroids, auto- and bithecae are usually adnate
throughout the length to stolonal chain, or at least adnate
proximally and isolate distally to a varying extent (as in
Acanthograptus). Therefore, the dendroid stipe is essentially
a bunch of adnate thecae. Freely projecting, conical and rela-
tively large, completely isolated thecae in Mastigograptus
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are similar to rhabdopleurids or to so-called dithecoids (see
p. 457) and represent a primitive condition as compared with
dendroid and tuboid (tubidendroid) colonies.

Proximal stolothecal segments of the stipe are tubular, al-
most parallel-sided (50-80 um in diameter), with a very
slight swelling towards the upper two-thirds of the segment
(Figs. 1G, 3D). They have an internal lumen of about 40? um
in diameter, and a wall thickness of 40 um. The thecal bases
(points of attachment, “Ansatzstellen” of Andres 1977) are,
like the occluded sicular aperture, situated on inclined
shelves in a slight swelling of the stipe (Figs. 2G, H, 3C);
they have thin ragged rims and a diameter of about 40 um.
Two specimens (Fig. 3B, C), although damaged, appear to
show that the first thecal base was occluded. This could have
been either because the thecal tube(s) did not develop beyond
this point, or that they were removed before the hole was
sealed.

Distal stolothecal segments of stipes become conspicu-
ously greater in diameter at two-thirds the length of a seg-
ment, to become vase or amphora-shaped (Figs. 3G, 8E), nar-
rowing markedly at the nodes. Lumen diameter at just above
the swellings (Fig. 3A) is about 80 um, with a wall thickness
of about 50 um. Stolothecal segments broken at their distal
end just below the neck of the amphora (Fig. 3H), show a
large internal lumen (280 x 130 um in one specimen; 170 pm
in a needle preparation from another specimen) and thin
walls (30 um). Among the isolated material are some par-
tially flattened specimens (Fig. 3G). The fact that these have
become flattened suggests that they were young stipes that
had not yet acquired the substantial thickening of the wall (to
about 100 pm) commonly seen in more mature parts of the
colonies. From this it may be deduced that the amphorate
segments were built with this shape, rather than acquiring it
by thickening of the cortex. The same is indicated by speci-
mens illustrated by Andres (1977: fig. 13) showing a thin-
walled theca (stolotheca?), devoid of any cortex but exhibit-
ing an amphorate shape (inflated middle portion with nar-
rowing neck).

The fusellum is built of distinct fuselli (Figs. 4A, 7E),
about 10-20 pm in height and 3-5 um in thickness. Owing to
the thickness of the cortex, it was not possible to see zig-zag
or other sutures between fuselli. Each fusellus has a core of
fusellar fabric, bounded by a sheet fabric (Fig. 4A).

As in the basal disc, the cortex is formed of units compris-
ing parallel fibrils forming a cortical fabric, bounded by sheet
fabric with scattered vesicles (seen in the TEM sections of
Urbanek and Towe 1974: pls. 19-21). Each unit (Fig. 4A) is
about 2 um thick, with closely packed parallel fibrils, about
300 nm in diameter, making up the bulk of the unit; within
each unit the fibrils are packed about 8—10 deep. A sheet fab-
ric bounds each unit. We were not able to distinguish any
edges of cortical units: either parallel edges defining ban-
dages, or more irregular boundaries. This is probably be-
cause the edges of units are extremely thin, with no cortical
fabric beneath, as seen in the TEM sections of Urbanek and
Towe (1974: pls. 2, 21-22).
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A curious surface pattern of low ridges is sometimes seen
on the surface of the cortex (Fig. 4B, C). On one side of the
stipe the ridges sweep forwards, towards the distal end of the
stipe; on the other they sweep backwards (Fig. 4C). On the
sides of the stipe which contain the thecal bases, there is an
interlaced pattern (Fig. 4B). The ridges probably represent
the direction of the parallel cortical fibrils in the units be-
neath, but even so we have been unable to determine the
shape of the cortical units.

The thecal bases diverge at an angle of about 50° from the
main stipe, but quickly bend to become almost parallel to it
(Fig. 4G). They have an ovoid cross-section, with the short
axis of the cone directed towards the main stipe. At about
300? um from the main stipe (Figs. 31, 8E, M) they expand
into a triangular “head”. At the corners of the head are circu-
lar holes, fringed with ragged tissue: these may be the bases
of the thin flaring thecal tubes illustrated by Andres. Between
them is an oval area, outlined by a rounded ridge but floored
by cortex rather than an opening into the interior. The shape
of the whole head is alarmingly reminiscent of that of the fic-
tional extra-terrestrial “E.T.”, from the film of the same
name!

According to Andres (1977: 67), branching is either di-
chotomous or irregularly monopodial. Specimens studied in
some detail by us show monopodial budding. At places
where a stipe branches (Figs. 3D, 4G), a monopodial branch
replaces the normal thecal base. An ?occluded thecal base oc-
curs a short distance up the branch (Fig. 4G, a), followed by
the first segment of the branch of normal length. A similar
thecal base can be seen in a specimen figured by Andres
(1977: fig. 15).

Internal structure

Andres (1961, 1977), using the light microscope and
bleached and unbleached specimens, has illustrated thecal
groupings, and shown a diagram of the proximal part of a
thecal triad (1977: fig. 20) situated “a little below the region
where the thecae detach from the stem (stipe)”. The narrow
canal of the “central theca” is depicted in the front of the dia-
gram. In the light of studies on budding pattern in dendroids
(especially Koztowski 1938, 1949; Bulman 1944, 1973) the
proximal part of the triad figured by Andres corresponds to
the internal portions of thecae following a node and tri-
furcation of the stolon seen inside a parental stolotheca. The
narrow canal of the “central theca”, ending with a shallow
cup, certainly corresponds to the stolon and internal part of an
autotheca, while the two laterally situated wider tubes corre-
spond to the internal parts of the lateral thecae of the triad (ei-
ther a stolo- or a bitheca). It seems from our data (Fig. 5, base
of triad) as well as from Andres’ (1977: figs. 17-19) observa-
tions on transparent specimens that lateral thecae lack their
own stolons. Above the diaphragm (on Andres’ figures de-
picted as a thicker line) lateral thecae represent internal por-
tions of thecae inside the parental stolotheca.
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Fig. 5. Mastigograptus aff. tenuiramosus. Diagram showing internal struc-
ture of stem with thecal triads and thecal base. Not to scale.

The transverse septum, dividing the cavity of the parental
stolotheca and depicted by Andres (1977: fig. 20) as a single
wall, was in fact produced by the close contact of two internal
portions of thecae, as demonstrated in our SEM micrographs
(Fig. 4D). Andres (1961, 1977) was unable to establish safely
any size differences between the lateral thecae in his
Mastigograptus material, and concluded that, if present,
thecal dimorphism must be smaller than among the
Dendroidea and Crustoidea. Our observation on thecal bases
likewise do not reveal any differences between lateral thecae.
Therefore, the use of dendroid thecal terminology is tentative
until more data become available, although there is no doubt
that the budding pattern in Mastigograptus rigidly follows
Wiman’s rule. Andres recognised these thecal triads only on
the main stem: however, our observations show that in each
thecal base there is a second thecal triad (see Fig. 5).

Stolothecal segments

Individual stolothecal segments of stipe, except those from
just below the thecal bases, have relatively wide lumens
(Figs. 3F, H, 5) in which there appears to be no internal stolon
(which should, if comparable to that in normal Dendroidea,
be a narrow and thin-walled tube lying within the lumen, and
not necessarily centred on the axis of the segment). Andres
was unable to find evidence of the stolon in his material (e.g.
1977: fig. 18). However, Urbanek and Towe (1974: pl. 21, pl.

22: 1, see also diagram Fig. 2) figured a cross-section of a
segment of stipe, which shows a wall formed of an outer cor-
tex (at least 8 pum thick), a relatively thin (0.5-3.0 pm)
fusellar unit, and an inner lining of dense crassal fabric
0.6-2.8 um thick. These layers can be recognised in our bro-
ken segment walls: a thick cortex (Fig. 3F), composed, like
the laminae of the holdfast, of units of parallel fibrils sepa-
rated by lamellae of sheet fabric; a thin fusellar wall
(Fig. 4A); and an inner lining of dense and uniform material
(Fig. 7D, E). The inner lining of crassal fabric we tentatively
interpret as being the wall of stolothecal stolon — which then
occupies the whole of the space within the stolothecal seg-
ment, and the actual lumen is the space within the stolon.
Each segment of the stipe is therefore a stolotheca, in the con-
ventional terminology as applied to dendroid graptolites, al-
though its stolon differs from that of standard dendroids. It
resembles, however, the stolon in Rhabdopleurites, a fossil
rhabdopleurid revealing inflated and narrow portions in an ir-
regular succession (Koztowski 1970: pl. 2: 4, 5). If our com-
parison is correct, in Mastigograptus even more inflated por-
tions are regularly spaced. More light may be shed on the na-
ture of the stolon in Mastigograptus by a study of closely re-
lated Micrograptus.

The crassal lining of the stolothecal segments has been
exposed in a number of broken sections (Fig. 7D-F, ar-
rowed). It is extremely thin (Fig. 7D, E), but clearly com-
prises of more than one layer, as one sheet of fabric ends in an
irregular margin. The diaphragm of a stolonal triad is shown
in Fig. 7D and F, the extremely thin crassal lining becomes
thicker towards the diaphragm, which is about 3—4 um thick.
Hence, there is a continuity between the crassal lining of the
stolotheca proper and crassal sheath of the stolonal triad. This
one of the reasons why we are inclined to ascribe the role of
stolonal sheath to the inner lining of stolothecae in Mastigo-
graptus. The other reason is a remarkable similarity of
crassal fabric in the inner lining of the latter to stolonal mate-
rial recognized with TEM in some dendroid graptolites
(Urbanek and Towe 1974: pl. 4: 1-2). Otherwise the inner
lining is a widely spread feature among graptolites (see also
Andres 1980; Mierzejewski 1984). In each case it is orga-
nized in a somewhat different way and hardly may be
homologized. We share the opinion of Andres (1980: 145)
that the inner lining in Mastigograptus is a special structure
of this genus, which in this form has not been found in other
graptolites. Nevertheless, our interpretation of the structure
in question as a sui generis stolonal sheath is tentative. The
other possible interpretation is that stolothecal segments of
stolon in Mastigograptus were of normal type but were de-
void of skeletal sheath and therefore are not preserved. If
sclerotized, stolons belong to most resistant skeletal part of
the rhabdosome and should be preserved.

The budding pattern of Mastigograptus, as revealed by the
material studied herein, is essentially comparable with the
triad plan, recognized in dendroids and crustoids (Koztowski
1949, 1962) . This basic pattern is, however, modified in some
cases, mainly by the production of abortive (occluded) thecae.

http://www.paleo.pan.pl/acta/acta47/app47-445.pdf
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Thecal triads (see Fig. 5) can be identified in a number of seg-
ments, by looking distally along a segment, or where it is bro-
ken just below a thecal base. The basal portion appears to form
a transverse partition or diaphragm (Fig. 4F), pierced by pores
(two only can be seen in this specimen). In the next stage, a
typical dendroid triad is formed of dense crassal fabric (Figs.
4D, E, 6A, B diaphragm arrowed, 7C). The stipe has here be-
come oval shaped, as it approaches the thecal base, and this
space is occupied by two large stolonal tubes of lateral thecae,
which abut against each other centrally, but remain discrete,
and a much smaller and triangular-shaped stolon of a central
theca is “compressed” into a space left between the two larger
stolons and the surrounding wall of the stipe (Fig. 7A, B). The
long axis of the oval lies in the plane containing the stipe and
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Fig. 6. Mastigograptus aff. tenuiramosus. A. Stereopair
of triad of stolotheca; diaphragm of stolon leading to
thecal base arrowed (ZPAL G. 30/15). Scale bar 10 pm.
B. Stolonal triad on main stem, close to thecal base.
Lower canal leads to the next section of the stem; upper
canal (arrowed) leads to the thecal base, a needle prepara-
tion from ZPAL G. 30/10. Scale bar 50 um. C. Stereopair
of stolonal triad in thecal base, including occluded auto-
theca (arrowed), looking proximally (ZPAL G. 30/15).
Scale bar 10 um.

the thecal base, and it would appear that one of the large
stolonal tubes should continue into the next stolonal segment
of the stipe (Fig. 5, stolotheca of main stem), and the other into
the base of a free theca. In one specimen (Fig. 6A) the triad is
broken obliquely, so that the stereopair shows different levels
in the structure, with a restricted pore in the diaphragm of the
stolon leading to the thecal base.

By comparison with the dendroids, the small triangular
tube should lead to the base of an autotheca. Here it ends in a
small diaphragm, pierced by a central pore (Figs. 4E, 5). How-
ever, each thecal base has only a single tube within it — that
leading from one of the main tubes of the triad (Figs. 3A, 8A,
F, G). In some lightly corticised specimens (Fig. 8B, C), there
appear to be two openings, one corresponding to the main tube



BATES AND URBANEK—ULTRASTRUCTURE AND DEVELOPMENT OF MASTIGOGRAPTUS 455

Fig. 7. Mastigograptus aff. tenuiramosus. A. Small auto-
thecal stolon in triad of stolotheca of Fig. 6A. Scale bar
10 um. B, C. Autothecal stolon in triad on main stem (ZPAL
G.30/16). Scale bars: B, 10 um; C, 50 pm. D, F. Crassal lin-
ing of portion of stolotheca, with fractured diaphragm (ar-
rowed), a needle preparation from ZPAL G.30/10. Scale bars
10 um. E. Crassal lining of portion of stolotheca, a needle
preparation from ZPAL G.30/12. Scale bar 20 pm.

of the branch, and the other to a smaller depression. This latter
appears to be underlain by a small space, formed at the distal
end of the small triangular tube (Fig. 8D). In more heavily
corticised portions of the stipe there is no external sign of this
structure (Fig. 8E). Therefore the autotheca (of which the pre-
vious stolotheca is in fact the proximal portion) cannot have
persisted as an open tube as growth of the colony continued.
The aperture, if it was initially present, has become occluded.

Thecal bases

In specimens where the stolothecal branch tube is broken close
to its origin from the stipe, it is circular in cross-section (Figs.
2G, H, 3A) and, like the main segments, appears not to have
any stolonal tubes within it. A little further away, the cross-
section is slightly dumb-bell shaped (Fig. 8F). It also has a lin-
ing of crassal fabric (Figs. 3F, 5, 8G) and hence can also be in-
terpreted as having its lumen filled completely by a stolon.
Further broken specimens show that within the “E.T. head”
of the thecal base, there is a second stolonal triad, with the
same morphology as that in the main stipe (Fig. 5, triad on
thecal base). The tube becomes ovoid, with the short axis of
the oval parallel to the plane containing the stipe and the thecal
tube, and the small triangular stolon at the side facing the main
stipe (Fig. 8E, H, K arrowed)). Proximal to this there is a trans-

verse diaphragm pierced by pores (Fig. 8]). Distally, as the
head expands, the triad widens; the small stolon leads to a
small concave region (Fig. 6C), and the two larger stolons to
the holes forming the “eyes” of the “E.T. head”.

In all the material available, the two holes have ragged
and rather thin edges (Figs. 3F, 8M), in contrast to the thicker
walls of the head and thecal base, and are clearly not the ac-
tual apertures of any theca. Presumably thin-walled thecae,
as illustrated by Andres (1977: fig. 13), extended from them,
but have been torn off in our material. Between these two lat-
eral holes, there is a distinct transversely oval ridge with a
rounded crest, surrounding a slightly depressed area (Fig. 8I,
M). It corresponds in position, size and shape to the concave
region beneath, and hence should form a roof to the latter. As
with the sicula and proximal thecal bases, this is probably an
occluded aperture, in this case of an aborted autotheca, on the
assumption that the narrow triangular stolon of the triad is
homologous with that in a dendroid, as described by Koz-
towski (1949) and Bulman (1944, 1973).

Each thecal base then contains a stolonal triad, but only
two apertures. Similarly, each triad on the main stipe leads to
two tubes: one the stolotheca forming the next section of the
stipe, and the other the stolotheca forming the thecal base
leading to the “head”, with the next triad. However, here also
the narrow stolonal tube cannot lead to an aperture, but must
have been occluded, probably at the level of separation of the
thecal base from the stipe.

http://www.paleo.pan.pl/acta/acta47/app47-445.pdf
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Fig. 8. Mastigograptus aff. tenuiramosus. A. Thecal base of Fig. 6B. Scale bar 50 pum. B, C. Fractured thecal bases, and occluded autotheca (arrowed)
(ZPAL G.30/17). Scale bars: B, 100 pm, C, 50 um. D. Thecal base on main stem, with occluded autotheca (arrowed), a needle preparation from ZPAL
G.30/18. Scale bar 20 um. E. Stem, looking obliquely proximally, with two thecal bases (ZPAL G.30/15). Scale bar 200 um. F, G, H. Successively more dis-
tal cross-sections of thecal bases. Scale bars 10 pm, 50 um, 100 um. I. Thecal base with occluded autotheca (ZPAL G.30/17). Scale bar 50 um. J. Diaphragm
of stolonal triad in thecal base, looking proximally (ZPAL G.30/15). Scale bar 10 um. K. Stolotheca looking proximally with adjacent thecal base displaying
a stolothecal triad, see H (ZPAL G.30/11). Scale bar 200 pm. L. Crassal, fusellar and cortical tissues in thecal base (ZPAL G.30/17). Scale bar 5 um. M. “E.T.
head” of thecal base, with central occluded autotheca (ZPAL G.30/4). Scale bar 50 pm.

At astipe branching there should be a similar triad formed
in the main stipe, and the “head” would appear to be modified
to allow one of the large stolonal tubes to extend as a thin-
walled thecal cup, and the other as the first fully developed
segment of the branch.

If we attempt to homologise the triads in Mastigograptus
with this scheme, it appears that each triad in the main stipe
must have two stolothecae leading from it: one prolonging
the stipe, and one leading into the thecal base. In turn it would
seem that the same pattern is present in the head of the thecal
base: again two stolothecae are produced, leading to the two
thecal cups. All apertures formed from the thin triangular
central stolons are occluded.

Systematic position

The systematic position of Mastigograptus has long re-
mained an open question. Without any proper knowledge of
the structural details, this genus was provisionally classed as
a hydroid coelenterate (Ruedemann 1908, 1947; Chapman
1919, 1936). Bulman (1938) placed it among genera of un-
certain systematic affinity, possibly related to hydroids, but
later (Bulman 1955) assigned it to his newly erected dendroid
family, the Chaunograptidae. However, in the 2" edition of
the Treatise (Bulman 1970) we find Mastigograptus again
among genera whose order and family are uncertain. The
Chaunograptidae were later removed provisionally to the hy-



BATES AND URBANEK—ULTRASTRUCTURE AND DEVELOPMENT OF MASTIGOGRAPTUS 457

droids by Rickards (1993), although this cannot include
Mastigograptus, assigned by Bulman (1955) with the type-
genus and two more dubious genera to this family. As a mat-
ter of fact, Andres (1961) provided convincing evidence that
Mastigograptus is a graptolite. After studying his isolated
specimens of the genus in question Koztowski (1962: 31) ar-
rived at the opinion that it differs so distinctly from the
Dendroidea and Crustoidea as to represent an order of its
own. This suggestion of Koztowski passed unnoticed by later
students. Obut (1964) assigned Mastigograptus to the order
Dithecoidea, a new group established by him to embrace
primitive graptolites preceding dendroids and for some time
co-occurring with them, and placed it in the family Chauno-
graptidae. He paid no attention to the earlier paper by Koz-
towski (1962), who provided evidence for great differences
in stolon system and colony pattern separating Chauno-
graptus and Mastigograptus. The idea of a dithecoid affinity
of the latter proved to be persistent: Sdzuy (1977) treated it as
a representative of the Dithecoidea, while Andres (1977),
without drawing taxonomic conclusions, emphasized its re-
semblance to dithecoids (such as lack of dimorphism in
freely projecting thecae). More recently this point of view
was elaborated by Chapman, Durman and Rickards (1996).
In their considerations based largely on the still unpublished
doctoral thesis of Durman, Mastigograptus is treated as a
representative of Dithecoidea occupying an intermediate po-
sition towards Dendroidea. Moreover, they argue that den-
droids developed directly from mastigograptids via transfor-
mation of free thecae into adnate ones, which are characteris-
tic of the dendroid condition.

In an attempt at evaluation of the entirety of data available
we are going to argue for the point of view first advanced by
Koztowski (1962), namely (1) that Mastigograptus (and the
related genus Micrograptus) represent a distinct family (the
Mastigograptidae fam. nov., for diagnosis see below), more-
over (2) that this family cannot be placed within either the
Dendroidea or the Dithecoidea, but belongs to a separate,
new order of Graptolithina (Mastigograptida ord. nov., for di-
agnosis see below). The structure of mastigograptids is a mo-
saic of dendroid, pterobranch and unique characters. Among
the essentially dendroid elements are: cylindrical sicula pro-
vided with basal disc, budding following the Wiman Rule
(which however per se cannot define their assignement to
Dendroidea), and general dendroid shape of the colony. This
latter feature, however, seems misleading, because of the
non-dendroid construction of stipes (see above). Non-
dimorphic, thin walled and freely projecting thecae, as well
as their complete fuselli, lacking the zig-zag suture—all re-
semble the pterobranch condition. Stolothecae display a mor-
phological gradient expressed in size increase and change of
shape—an unexpected feature for a sessile graptolite with
Mastigograptus morphology, known so far only in aniso-
graptids and graptoloids. Moreover, the structure of the stolo-
thecal stolon, namely its presumed strong inflation, as de-
scribed above, is a peculiar feature, with so far some analogy
only among the fossil Rhabdopleurida. Although the

Mastigograptus clade has attained the graptolite structural
grade, it preserves some primitive features, suggesting a
close relationship with rhabdopleurid ancestors (e.g., the es-
sentially pterobranch appearance of the free portions of its
thecae, as compared with truly graptolitic character of
stolothecae—an instance of mosaic evolution).

Therefore, Mastigograptus and its allies should not be as-
signed to the order Dendroidea, and be placed in a distinct
position as an independent order within Graptolithina. In re-
cent classification schemes suggested for the order Den-
droidea Nicholson, 1872 (see Rickards 1993) there is no
place for genera which represent Mastigograptus morphol-
ogy. On the other hand Chapman, Durman, and Rickards
(1996: 195) consider the genus in question as morphologi-
cally intermediate between dithecoids and dendroids, sug-
gesting that it may be as well the evolutionary link between
the Dithecoidea and Dendroidea. However, their concept of
transformation of a mastigograptid into a dendrograptid via a
simple change in arrangements of autothecae from free into
adnate needs certainly more evidence that this provided by
their fig. 6. Arather close relation of mastigograptids to some
stem dendroids is, however, probable.

Well established budding pattern in triads combined in
Mastigograptus with only incipient (or no) dimorphism may
indicate the order of appearance of these apomorphic features
in the phylogeny. If we consider after Koztowski (1949) that
differences between auto- and bithecae reflect sexual differ-
ences between fully developed female (later hermaphroditic)
zooids and partly reduced male zooids respectively, the char-
acter states observed in Mastigograptus speak in favour of
their almost equal development, resembling the pterobranch
conditions (small size differences, however, were noted for
the male and female zooidal tubes in Rhabdopleura). Also
the fusellar tissue studied in detail by Andres (1977) bears
many pterobranch (rhabdopleurid) features, such as the pres-
ence of fuselli producing complete rings and their oblique su-
tures showing an essentially irregular arrangement (with an
observed tendency toward their more regular placement, re-
sembling the zig-zag suture of regular graptolites). The last
two features are frequently quoted as arguments in favour of
dithecoid affinities of mastigograptids. However, the concept
of Dithecoidea remains vague and poorly defined, largely be-
cause their remains are badly preserved and insufficiently
studied. The group seems highly heterogenous and therefore
artificial (Mierzejewski 1986). The only common features
diagnostic for the group are: presence of free projecting
thecae and absence of their dimorphism. Both are plesio-
morphic in nature, retained from presumable rhabdopleurid
ancestors. That sessile orders of graptolites were preceded by
some transient group, displaying a number of rhabdopleurid
characters seems to be a safe conclusion. However, whether
this transient group corresponds to Dithecoidea as defined by
Obut (1964) is another question. Therefore we prefer to fol-
low Koztowski’s suggestion and propose a new order of
Graptolithina to include Mastigograptus:

http://www.paleo.pan.pl/acta/acta47/app47-445.pdf
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Order Mastigograptida nov.

Diagnosis.—Cylindrical sicula, budding in triads, dendroid
habitus but stipes produced by chain of corticalized stolo-
thecae with thin-walled free thecae, displaying random ar-
rangements of oblique sutures, and not revealing a distinct di-
morphism.

Stratigraphic distribution—Cambrian—Silurian.

Family Mastigograptidae nov.
Diagnosis.—As for the order.

Genera included —Mastigograptus Ruedemann, 1908 (Cam-
brian—Silurian); Micrograptus Eisenack, 1974 (Ordovician).
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